The Abelson (Abl) family of non-receptor tyrosine kinases has an important role in cell morphogenesis, motility, and proliferation. Although the function of Abl has been extensively studied in leukemia, its role in epithelial cell invasion remains obscure. Using the Drosophila wing epithelium as an in vivo model system, we show that overexpression (activation) of Drosophila Abl (dAbl) causes loss of epithelial apical/basal cell polarity and secretion of matrix metalloproteinases, resulting in a cellular invasion and apoptosis. Our in vivo data indicate that dAbl acts downstream of the Src kinases, which are known regulators of cell adhesion and invasion. Downstream of dAbl, Rac GTPases activate two distinct MAPK pathways: c-Jun N-terminal kinase signaling (required for cell invasion and apoptosis) and ERK signaling (inducing cell proliferation). Activated Abl also increases the activity of Src members through a positive feedback loop leading to signal amplification. Thus, targeting Src-Abl, using available dual inhibitors, could be of therapeutic importance in tumor cell metastasis.
Introduction
Cell invasion is a critical process during the development and maintenance of multicellular organisms. It is important during many processes including gastrulation, axon guidance, border cell invasion in Drosophila, germ cell invasion in zebrafish, wound healing, and for normal functioning of the immune system. Deregulated cell invasion often results in dramatic consequences such as congenital brain defects, vascular disease, chronic inflammatory diseases, or and metastasis (SanchezMadrid and del Pozo, 1999; Luster et al., 2005; Yamaguchi et al., 2005) . Cell invasion is an active process, with active remodeling of cell junctions along with actin cytoskeleton changes that modify contacts with neighboring cells. This epithelial to mesenchymal transition alters cell-cell and cell-matrix interactions leading to cell movement (Thiery, 2003; Yang et al., 2008) . It is the aggressive and uncontrolled cell invasion that leads to tumor metastasis from the site of origin. Understanding of the molecular basis of cell invasion processes can be used effectively to target tumor metastasis in cancer patients.
Oncogenic activation of many genes not only results in tumor formation through growth but also leads to loss of cell polarity and subsequent metastasis. One gene that has been studied extensively for its oncogenic potential is the Abelson kinase (Abl) (Sawyers, 1999) . Abl kinases form a conserved subfamily of non-receptor tyrosine kinases, including Drosophila Abl (dAbl) and mammalian c-Abl and Abl-related gene (Arg) (Lanier and Gertler, 2000) . Mammalian Abl and dAbl differ in that the former shows both nuclear and cytoplasmic localization, whereas dAbl is primarily cytoplasmic (Taagepera et al., 1998) . Nuclear Abl has been shown to regulate cell cycle progression, whereas cytoplasmic Abl mostly associates with actin cytoskeleton and is found at cellular junctions (Van Etten, 1999) . Consititutive activation of Abl kinase (through a chimeric Bcr-Abl oncogenic isoform) in chronic myelogenious leukemia patients results in uncontrolled proliferation of blood cells (Sawyers, 1999) .
Recent studies have begun to implicate its role in other forms of cancer, independent of the Bcr locus translocation-mediated activation (Srinivasan and Plattner, 2006; Sirvent et al., 2007; Lin and Arlinghaus, 2008) . These studies have suggested a role of c-Abl in solid tumors, including highly invasive breast and lung cancer cells. To study the cell biology and molecular mechanism of Ablmediated cell invasion in an intact organism, we used the Drosophila wing epithelium paradigm (Vidal et al., 2006) . The Drosophila wing imaginal disc is a columnar pseudostratified monolayer epithelium and provides a very good model to study gene function in the contexts of cell polarity, growth, and invasive behavior.
Our study suggests that overexpression (activation) of dAbl induces cell migratory behavior, associated with loss of epithelial polarity, secretion of matrix metalloproteinases (MMPs), and exclusion of cells from the epithelial sheet, which eventually die as evident by activation of Caspase-3. Cells expressing dAbl show increased cell proliferation by activation of ERK MAPK signaling. Our data suggest that dAbl serves as a general mediator of the cell invasion phenotypes caused by Src activation. Moreover, once activated dAbl leads to activation of Src kinases through unknown mechanism thus amplifying the signal in a positive feedback loop. This dAbl-induced cell invasion behavior is mediated by Rac GTPAses and c-Jun N-terminal kinase (JNK) activation. Thus, targeting Abl/Src family kinases (SFKs) using dual inhibitors could be of significant value in alleviating the cellular metastasis of cancer patients.
Results
dAbl activation results in cell invasion and apoptosis through a loss of epithelial cell polarity and MMP1 secretion To explore the potential role of Abl in cellular invasion, we used the GAL4/UAS system (Brand and Perrimon, 1993) in a defined region of the Drosophila wing disc. Overexpression of dAbl (at 25 1C) under decapentaplegic-Gal4 (dppGal4) control (along with UAS-GFP marking the expression domain, a stripe along the A/P compartment boundary) resulted in delamination of such cells from the normal epithelium and their migration away from the dpp expression stripe basally (Figures 1c-c 00 and e-e 00 ). Most of these cells undergo apoptosis as evident by staining for activated Caspase-3 ( Figures 1c and c 00 ; this is never observed in control discs expressing GFP alone, Figures 1a and a 00 ). As the activity of the Gal4 protein is temperature sensitive, lower expression of dAbl at 18 1C did not result in a cell migration phenotype (Figures 1b-b 00 ), suggesting that a threshold level of dAbl activation is required to induce the migratory behavior. Accordingly, expression of dAbl at higher temperature (29 1C) resulted in an increased cell migration phenotype and strong activation of Caspase-3 in many migrating cells. X/Z focal planes of such discs showed that on dAbl expression, cells leave the normal epithelium through the basal membrane and move to areas distant to the dpp-domain (Figures 1e-e 0 ). Similar results were obtained when dAbl was overexpressed with patchedGal4 ( Supplementary  Figures S1A-A 000 ). Thus, we conclude that overexpression of dAbl results in migration of epithelial cells along with a marked increase in cell death.
Loss of cell polarity has been linked to tumor growth and metastasis (Igaki et al., 2006) and downregulation of Cadherin-Catenin complexes has been linked to many types of malignant human cancers (Hirohashi, 1998) . Furthermore, in many tumor cell models, overexpression of E-cadherin acts as a suppressor of cell invasion (Navarro et al., 1991; Vleminckx et al., 1991) . To test whether dAbl-mediated cell migration results in reduced cellular junctional complexes and associated cell adhesion, we stained wing discs for Discs large (Dlg, labeling septate junctions) and E-cadherin (a component of adherens junctions). Cells with overexpressed dAbl displayed a downregulation of Dlg from sub-apical areas (Figures 1f-f 00 and g-g 00 ). Similarly, we detected a downregulation of b-catenin/Armadillo and DE-cadherin (Supplementary Figures S2A-A 00 , S2B-B 00 , S2C-C 00 , and S2D-D 00 , respectively) at the cell junctions of dAblexpressing cells. It is noteworthy that co-overexpression of E-Cadherin along with dAbl resulted in suppression of the dAbl-mediated cell migration phenotypes, suggesting that loss of cell polarity is a hallmark of dAbl-induced cell migration (Supplementary Figures  S2E-E 00 ). The basement membrane is a specialized sheet of extra cellular matrix on the basal side of epithelial tissues and essential for integrity of epithelial cells. Basement membrane remodeling is a critical process during the development of an organism and in progression of many types of cancer (Coussens and Werb, 2002; Srivastava et al., 2007) . Its degradation by enzymes of the MMP's family, cleaving components of the basement membrane, has been studied extensively during tumor invasion (Deryugina and Quigley, 2006) . To test whether dAbl activation involves upregulation of MMPs, we stained dppGal44dAbl wing discs with Drosophila MMP1 antibody. Strikingly, in discs where dAbl was overexpressed, we saw robust expression of MMP1 in migrating cells mostly at the leading edge ( Figures 1i-i 00 ; compare to control GFP expressing discs, Figures 1h-h 00 ). Furthermore, removing a genomic copy of dmmp1 and dmmp2 suppressed the dAbl-induced invasion phenotype, confirming a role of MMPs in this dAblmediated cell invasion (Supplementary Figures S3A-A 00 ). To test whether cell invasion is a primary event mediated by dAbl (not a consequence of cell death and proliferation induced by dAbl expression), we coexpressed p35, which blocks caspase-mediated cell death, along with dAbl. Co-expression of p35 with dAbl blocked cell death (as evident by lack of Caspase-3 activation; not shown), leading to an increase in dAbl/ GFP-positive cells (Figures 1j-j 0 ) and resulting in a widening of the dpp-domain (Figure1j 0 ). Importantly, these 'undead' cells (Huh et al., 2004; Ryoo et al., 2004) secrete large amounts of MMPs, which accumulate at the base of the epithelium (Figure 1j 00 ), suggesting that cell invasion is a primary event induced by dAbl. dAbl mediates cellular proliferation by activation of ERK signaling pathway We next tested whether dAbl overexpression in wing discs can result in proliferation as observed in chronic myelogenious leukemia patients (Sawyers, 1999) . To test this, we performed 5-bromo-2 0 -deoxy-uridine (BrdU) labeling, which gets incorporated into newly synthesized DNA of replicating cells. Overexpression of dAbl resulted in an increase in BrdU incorporation within the dpp-stripe ( Figures 2b-b 00 ; quantified in Supplementary Figure S1B ) as compared to control discs (GFP only; Figures 2a-a  00 ). Similar to the migration behavior, this effect of dppGal44dAbl on cellular proliferation is milder at 25 1C (data not shown) as compared to 29 1C. Interestingly, we also see an increase in BrdU-positive Figure 1 dAbl overexpression in the wing epithelium leads to cell exclusion, invasion, and apoptosis by loss of cell polarity and secretion of MMP1. Confocal projections of third instar larval wing discs where dppGal4 was used to express either GFP alone (control) or dAbl and GFP to mark cells. Temperatures are indicated. (a-j) Merge of all channels (a
, and (h 00 -j 00 ) MMP1 (blue channel). Here and in all subsequent figures anterior is to the left and dorsal is up. (a-a 00 ) dppGal4, UAS-GFP (dpp4GFP) at 29 1C; note expression domain of dpp marking cells along the anterior-posterior boundary of wing discs, very low levels of Caspase-3 staining are observed. (b-b 00 ) dpp4GFP, dAbl at18 1C; looks indistinguishable from the wild-type control. (c-c 00 ) dpp4GFP, dAbl at 25 1C, note that GFP-labeled cells begin to migrate (arrowhead) away from the stripe of expression and show activation of Caspase-3. Cells start to leave the dpp-expression domain mostly from the hinge region of the wing disc. (d-d 00 ) dpp4GFP, dAbl at 29 1C: many cells leave the anterior-posterior boundary expression region. The migrating cells are not restricted to the hinge region but invade throughout the dpp-expression domain. Many of the migrating cells undergo apoptosis as evident by increased Caspase-3 staining (d, d 00 ). (e-e 00 ) X/Z section of the wing disc shown in (d) to reveal the location of the migrating cells below the basal membrane as they leave the epithelium basally (e, e 00 ), which are also the cell that undergo apoptosis (e, e 0 ). (f-f 00 ) Expression of dAbl with dppGal4 (dpp4GFP, Abl; GFP marks expressing cells in f and f 0 ) stained with anti-Dlg (DLG: Magenta; in f and f 00 ). Expression of DLG is reduced in the region where dAbl expression is induced, suggesting loss of apical-basal cell polarity. (g-g 00 ) Transverse (X/Z) section of wing disc shown in (f); note reduction in DLG staining in the region where dAbl is primarily expressed (between arrows in g 00 ); also note migrating cells below basal membrane in the GFP channel (g, g 0 ). (h-h 00 ) Control discs dpp4GFP stained with MMP1 (h, h 00 ). There is no expression of MMP1 in wild-type wing imaginal discs. (i-i 00 ) dppGal4, UAS-dAbl (dpp4GFP, dAbl) discs with anti-MMP1 (i, i 00 ). Expression of dAbl results in strong activation of MMP1 expression in cells that are migrating away from the dpp-expression domain. (j-j 00 ) Expression of dAbl along with p35 (dpp4GFP, p35, dAbl) stained with anti-MMP1 (j, j 00 ). Note suppression of cell death and expansion of width of dpp-expression domain and concomitant accumulation of 'undead' cells with high expression of MMP1 (j, j 00 ). , as compared to control, in the dAbl overexpressing cells. (e-e 00 ) X/Z section of wing disc shown in (d) to highlight anti-dpERK expression (e, e 0 ) in migrating cells (e, e 00 ). Most of dpERK labeling is detected in cells that also express dAbl (marked by GFP) suggesting its role in cell proliferation. cells outside of the dAbl expression domain. Thus, our experimental data indicate that dAbl has a direct effect on cell proliferation and also has a non-autonomous effect on cell proliferation in the surrounding cells through a 'compensatory proliferation' mechanism (see below). As dAbl is cytoplasmic (Taagepera et al., 1998) , cellular proliferation resulting from dAbl overexpression should be independent of any nuclear function (unlike that of mammalian Abl). The ERK/MAPK signaling pathway has been shown to promote cellular proliferation, differentiation, and survival in normal cells. Thus, we tested whether dAbl overexpression leads to activation of ERK, using anti-diphosphoERK antibodies (dpERK), which labels the active form of ERK. Activation of dAbl resulted in an increase of dpERK staining in the cells, which express dAbl (Figures 2d-d 00 and e-e 00 ). These results suggest that dAbl causes a cellautonomous increase in cell proliferation through ERK signaling.
dAbl is a primary mediator of dC-terminal Src kinase-induced cell invasion C-terminal Src kinase (Csk) and its paralog Chk act as tumor suppressors by inhibiting the activity of Src family members, and Csk itself has been implicated in a number of tumor types (Biscardi et al., 2000; Irby and Yeatman, 2000; Sugimura et al., 2000) . Local inhibition of dCsk (using inhibitory RNA transgenic expression; UAS-dCsk-IR) in cells surrounded by wild-type cells leads to the extrusion of these cells through the base of the epithelium, migration of these cells away from the dCsk mutant area, and subsequent cell death by activation of caspases (Vidal et al., 2006) . As overexpression/activation of dAbl results in similar phenotypes, we hypothesized that dAbl mediates the dCsk phenotype. Expression of UAS-dCsk-IR with dppGal4 resulted in migration of GFP-positive cells away from the dpp-expression domain (Figures 3a-a 00 ), similar to the dAbl overexpression phenotype (Figures 1c-c 0 ). Strikingly, co-expression of UAS-dCsk-IR along with dAbl resulted in a synergistic enhancement of the phenotype even at low temperature (18 1C; Figures 3b-b 0 ), Figure 3 dAbl is a primary mediator of dCsk-IR-induced cell invasion behavior. All panels show third instar wing discs expressing GFP with other genotypes and temperatures indicated under dppGal4 control. The discs are stained with anti-MMP1 (red in a-c) or anti-phosphoAbl (pAbl, activated dAbl; magenta in d-e).
(a-f) Merged channels, (a 0 -e 0 , f 00 ) green channel (GFP), and (a 00 -e 00 ) either red (anti-MMP1) channel or magenta channel (anti-pAbl). (a-a 00 ) dpp4GFP, dCsk-IR (UAS-dCsk RNAi , with UAS-Dcr2 to increase RNAi efficiency) results in a cell invasion phenotype (a, a 0 ) with only low MMP1 upregulation (a, a 00 ). (b-b 00 ) Co-expression of dAbl along with dCsk-IR (dpp4GFP, dCsk-IR, Abl) at 181C results in a massive cell invasion phenotype (b, b 0 ) along with strong MMP1 upregulation in migrating cells (b, b 00 ). The number of migrating cells is much higher than when dCsk-IR (a 0 ) or dAbl ( Figure 1b ) is expressed individually, suggesting a synergistic interaction between dCsk knockdown and dAbl overexpression. (c-c 00 ) Co-expression of dAbl-IR along with dCsk-IR results in a suppression of the cell invasion phenotype (c, c 0 ; note that integrity of dpp-expression domain is largely restored) suggesting that dAbl is acting downstream of dCsk. There is also no detectable MMP1 upregulation (c, c 00 ). (d-d 00 ) dpp4GFP control wing discs stained with anti-pAbl (d, d 00 ). Note low level staining of pAbl throughout wing discs. (e-e 00 ) dpp4GFP, dCsk-IR expression (e-e 0 ) causes activation of Abl as detected by anti-pAbl (e, e 00 ), suggesting that dCsk negatively regulates dAbl activation. (f-f 00 ) X/Z section of wing disc shown in (e) to highlight anti-pAbl expression (f, f 00 ) in migrating cells (f, f 0 ). Most of pAbl is detected in cells that have migrated below the basal membrane, suggesting its role in Csk-IRmediated cell invasion.
Abl kinase in tumor cell invasion J Singh et al where neither dAbl nor dCsk-IR showed any effects alone (Figures 1b-b 0 and not shown). This was accompanied by strong activation of MMP1 ( Figures  3a and a  00 ), expressed at the leading edge of the migrating cells. Importantly, the cell migration phenotype induced by dCsk-IR was suppressed by reducing dAbl function (co-expressing dCsk-IR with dAbl-RNAi (dAbl-IR)), suggesting that dAbl acts downstream of dCsk (Figures 3c-c  00 ) . As the effect caused by reduction of dCsk can be suppressed by dAbl-IR, we tested whether reduced dCsk function (Csk-IR) leads to activation of dAbl (using anti-phosphoAbl (pAbl), raised against an evolutionary conserved tyrosine residue and indicative of active dAbl; Stevens et al., 2008) . Expression of dCsk-IR in wing discs led to strong activation of dAbl as detected with this antibody (Figures 3e-e 00 , f-f 00 ; compare to control discs with a flat basal anti-pAbl staining throughout the disc, Figures 3d-d 00 ). Taken together, these data indicate that dAbl acts downstream of dCsk.
Activation of Drosophila Src kinases leads to cell invasion and death phenotypes by activating dAbl SFKs have key roles in signal transduction of cellular growth, differentiation, invasion, and survival. In wild type, SFKs are maintained in an inactive state by tyrosine phosphorylation of their C-terminal tail by Csk. In Drosophila, dCsk has been shown to antagonize the two Drosophila Src family members Src42A and Src64B (Pedraza et al., 2004) . To test whether dCsk causes the cell invasion and dAbl activation phenotype through Src, we analyzed the role of Src in cell invasion directly and its relationship with dAbl activation. Overexpression of either Src with dppGal4 is lethal. To circumvent this problem, we used the temperature-sensitive GAL4/ tubulinGAL80 ts system to control expression levels of Src42A and Src64B using dppGal4. Overexpression of either Src42A or Src64 resulted in a strong cell invasion phenotype (Figures 4a-a 0 and b-b 0 ) along with activation of Caspase-3 and upregulation of MMP1 (Figures 4a-a 000 and b-b 000 ), suggesting that both Src42A and Src64B can function in the cell invasion process.
As loss of dCsk leads to the activation of dAbl and overexpression of Src exhibits very similar phenotypes to dAbl, we reasoned that the link between dCsk and dAbl could be mediated through the Src kinases.
Furthermore, as the dCsk-IR cell invasion phenotype (presumably because of activation of Src) can be suppressed by reducing dAbl function (dAbl-IR; Figure 3c ), we hypothesized that the same relationship exists between the Src kinases and dAbl. We thus expressed dAbl-IR in the Src42A and Src64B overexpression background. Strikingly, expression of dAbl-IR suppressed most of the Src42A and Src64B cell invasion phenotype (Figures 4c-c 0 ; Supplementary  Figures S3C-C 00 ) along with reduction of cell death and MMP1 upregulation (Figures 4c-c 00 ; Supplementary  Figures S3C-C 00 ). These data suggest that dAbl acts downstream of Src in this process. Next, we tested whether overexpression of Src can also lead to activation of dAbl similar to dCsk-IR (Figure 3e ). Similar to dCsk-IR, overexpression of Src42A and Src64B resulted in the activation of dAbl (Figures 4d-d 00 and e-e 00 ; Supplementary Figures S3B-B 00 ), suggesting that dAbl is a downstream target of the Src kinases. It is interesting to note that basal levels of pAbl (in the apical region) are seen in most wing epithelial cells, but its expression is upregulated in Src42A-expressing cells not only in the apical region but also in the cells that are migrating at the base of epithelium. Taken together, these data indicate that Csk controls the activation of the Src kinases, and Src in turn activates dAbl, regulating cell migratory behavior.
An Src-dAbl signal amplification loop Cellular signaling cascades often display feedback loops either of signal amplification or attenuation depending on the context in which they are activated. We explored the possibility of a feedback loop, where dAbl could activate Src for signal amplification. To monitor Src activation, we used phospho-Src (pSrc) antibody directed against an evolutionary conserved residue in the activation loop, known to recognize the activated form of Src42A in Drosophila (Shindo et al., 2008) . In control discs (dpp-Gal4, UAS-GFP) basal levels of anti-pSrc were detected throughout the disc (Figures 5a-a 00 ), suggesting a requirement of Src42A in normal wing development. Strikingly, overexpression of dAbl resulted in robust activation of Src42A as detected by antipSrc staining (Figures 5b-b 00 and c-c 00 ) in cells where dAbl was expressed (activation of Src64B cannot be tested as anti-pSrc does not recognizes activated Src64B; Figure 4 Src42A and Src64B overexpression leads to cell invasion and dAbl activation. Third instar wing discs expressing GFP with other UAS-transgenes under dppGal4 control. The discs are stained for cleaved Caspase-3 (red in a-c) and anti-MMP1 (blue in a-c) or anti-pAbl (activated dAbl; magenta in d). (a-d) Merged channels, (a 0 -d 0 ) GFP, (a 00 -c 00 ) red (anti-cleaved Caspase-3), magenta (d 00 ) (anti-pAbl) or blue (anti-MMP1) (a 000 -c 000 ) (a-a 000 ) dpp4GFP, Src42A (with tubGal80 ts / þ in the background; Gal80 ts expression and temperature shifting are required as dppGal44Src42A is otherwise early larval lethal) leads to a strong cell invasion phenotype (a-a 0 ) along with activation of cleaved Caspase-3 (a, a 00 ) and MMP1 expression (a, a 000 ). (b-b 000 ) dpp4GFP, Src64B (with tubGal80 ts / þ in the background) causes a strong cell invasion behavior (b-b 0 ) along with activation of cleaved Caspase-3 (b, b 00 ) and MMP1 expression (b, b 000 ). (c-c 000 ) Genetic suppression of the cell invasion phenotype induced by overactivated Src42A by co-expression of dAbl-IR (c, c 0 ). Reducing dAbl levels also suppresses the activation of cleaved Caspase-3 (c, c 00 ) and reduces MMP1 expression (c, c 000 ), suggesting that dAbl is a primary mediator of Src42-mediated cell invasion. (d-d 00 ) Overexpression of dSrc42A (same genotype as in a-a 000 ) causes activation of dAbl as evident by staining with anti-phosphoAbl (pAbl; d, d 00 ) in migrating cells. This is similar to the activation of dAbl seen by reducing the levels of dCsk (see Figure 2e) . (e-e 00 ) X/Z section of wing disc shown in (d) to highlight anti-pAbl expression (e, e 0 ) in migrating cells (e, e 00 ). Note that the expression of pAbl is increased in the cells, which express Src42A (marked by GFP) and also in cells that have migrated below the basal membrane, suggesting its role in Src42A-mediated cell invasion. Shindo et al., 2008) . Taken together with the data documenting that dAbl acts downstream of Src (the rescue of Src42A and Src64B overexpression phenotypes by co-expression of dAbl-IR; see above and Supplementary Figures S3C-C 000 ) this result argues for a role of dAbl in a positive feedback loop leading to signal amplification. This interpretation is consistent with the observation that expression of dAbl-IR did not affect the basal levels of anti-pSrc or Src activation ( Figures  5d-d 00 ) and is further supported by the rescue/suppression of the lethality associated with Src42A-IR (under dppGal4 control) by co-expression of dAbl (not shown). This mechanism not only explains signal amplification but also some of the observations in cancer treatment/ Figure 5 dAbl overexpression leads to Src activation. All panels show third instar wing discs expressing GFP with other UAStrasgenes as indicated under dppGal4 control (at 25 1C). The discs are stained for anti-phosphoSrc (pSrc, activated Src42A; red in a-c). cancer cells where dual Abl/Src inhibitors in clinical trials have been shown to be more effective than individual inhibitors (Golas et al., 2003; Das et al., 2006; Araujo and Logothetis, 2010) A role of Rac and JNK signaling in dAbl-mediated cell invasion The Rho family of GTPases, which in Drosophila includes RhoA, three Rac genes (Rac1, Rac2, and Mtl) and Cdc42 are required for many aspects of actin organization and dynamics during cell movement (Hall, 1998) . A potential role of Abl kinases in the regulation of Rac activation has been suggested (Boureux et al., 2005) . Furthermore, the BCR-Abl-mediated oncogenic function requires the activity of Rac (Skorski et al., 1998) . We thus tested the requirement(s) of the dRacs in dAbl-mediated cell invasion. Reducing a genomic copy of all three Drosophila Rac genes, dRac1À/ þ , dRac2À/ þ , and dMtlÀ/ þ , strongly suppressed all aspects of the dppGal4,UAS-dAbl cell invasion phenotype ( Figures  6a-a 00 ), suggesting that Rac family members act downstream of dAbl in this context.
Experiments in cell culture and in model organisms have shown that Rho family GTPase, in particular the Racs, can activate JNK signaling (Coso et al., 1995; Harden et al., 1995) . To test whether Drosophila JNK, Basket (Bsk), is required for dAbl-mediated cell invasion downstream of Rac, we co-expressed a Bsk dominant negative (UAS-Bsk-DN) isoform along with dAbl (expression of Bsk-DN alone does not show any cell invasion phenotypes in wing discs; not shown). When co-expressed with dAbl, Bsk-DN suppressed the dAbl mediated cell invasion phenotype as evident by suppression of MMP1 and caspase 3 expression (Figures 6b-b   00 and not shown). Interestingly, the dppGal4 domain became enlarged (as observed by the width of the GFPexpressing stripe of cells, Figure 6b , and increased incorporation of BrdU within the dpp-expression domain; Supplementary Figures S4A-A 00 ) as compared to dAbl alone (cf. Figures 1c  0 and 6b  0 ) . This suggests that Bsk-DN can suppress the cell migration and apoptosis phenotypes associated with dAbl overexpression, but does not suppress cell proliferation, which is likely associated with ERK signaling (see above; Figures  2d-d 00 ). To directly monitor activation of JNK signaling, we used the puc-LacZ reporter; puckered (puc) Figure 6 Rac and JNK are required for Abl-mediated cell invasion All panels (except e) show third instar wing discs expressing GFP with other UAS-transgenes as indicated under dppGal4 control (at 25 1C). The discs are stained for anti-MMP1 (red in a-b) or anti-lacZ (magenta in c-d), which is monitoring JNK activation through puc-lacZ.
00 ) The cell invasion phenotype of dpp4GFP, dAbl is suppressed (a-a 0 ) by removing a genomic copy of each of the three rac genes (rac1 encodes a dual specificity JNK phosphatase, whose expression is regulated by JNK itself, and thus serves as a faithful read-out of JNK activation (Martin-Blanco et al., 1998) . In wild-type Drosophila wing discs puc-LacZ expression is restricted to the notum region (not shown). On dAbl overexpression with dppGal4, puc-LacZ expression was activated in the dpp-stripe (Figures 6c-c 00 ), and in particular detected in the migrating cells (Figures 6d-d  00 ) . Furthermore, activation of JNK was confirmed using phospho-JNK western blots, where an increase in pJNK was seen in dAblexpressing discs (Figure 6e ). Taken together, these data indicate that dAbl activates JNK signaling, which promotes the cell invasion and cell death phenotypes, and that activation of cell proliferation downstream of dAbl is likely mediated through a distinct MAPK pathway (ERK, see above).
Furthermore, we tested whether JNK and ERK are indeed the main effectors, which mediate the dAbl phenotype(s). To address this we simultaneously removed a copy of ERK (using Df(2R)Rl-10a) and expressed Bsk-DN in the dAbl expression background. Strikingly, reducing both ERK and Bsk/JNK function completely rescued all aspects of the dAbl-induced phenotypes ( Figures 6f-f 00 ; note that proliferation within the dppGal4 domain is also suppressed as evident by normal BrdU staining and a regular width dpp-stripe, cf Figure 6b ). These data indicate that the two MAPKs mediate all phenotypic aspects associated with dAbl expression: cell invasion, proliferation, and cell death.
Discussion
Tumor metastasis is the leading cause of cancer-related deaths. Mechanisms by which tumor cells acquire increased motility and invasive behavior are, however, still poorly understood. To our knowledge this is the first study to provide in vivo evidence for the role of Abl in cell invasion. Cells expressing dAbl (in the dppdomain) become invasive and migrate into the area of the posterior compartment, where they are located basally to the basement membrane. Although during this process many cells die, those that 'resist' cell death can be visualized by the presence of GFP at the base of the epithelium in either compartment (Figure 1e) . Furthermore, we provide mechanistic evidence for an Src-Abl signaling cascade and an Abl/Src signal amplification loop in epithelial cell invasion. Targeting both kinase types using dual Abl/Src inhibitors in cancer patients could thus be of clinical significance. We also show that increased cell proliferation associated with Abl can be separated from its cell invasion function by distinct downstream effectors. Different MAPKs are activated downstream of dAbl and Rac, and mediate the cell proliferation and cell invasion phenotypes, respectively (see model in Figure 7 ).
Abl induces metastatic behavior in epithelial tissues
Loss of cell polarity has been linked to tumor growth and cell invasion (Igaki et al., 2006) . The mechanism(s) by which dAbl downregulates cell adhesion/polarity genes like DE-Cadherin, b-Catenin/Armadillo and Dlg are not known. This could be a direct effect of dAbl on junctional complexes or a consequence of the cell invasive behavior. Downregulation of E-cadherin has been linked to several types of tumors. Furthermore, Src family members have been shown to increase the turnover of AJs, which in turn would cause an increase in cell mobility, a possible mechanism by which Abl can mediate loss of cell polarity. This hypothesis is further supported by the observation that overexpression of DE-cadherin suppresses the effects induced by Src upregulation (through Csk reduction, UAS-dCsk-IR) in the retina (Vidal et al., 2006) . Consistent with this notion, overexpression of DE-Cadherin rescues the dAbl-induced cell invasion phenotype (Supplementary Figures S2C-C 00 ). Moreover, removing a genomic copy of mmp1 and mmp2 results in suppression of the dAbl cell invasion phenotype (Supplementary Figures S3A-A  00 ). On the basis of these data we conclude that loss of cell polarity and MMP secretion are the key factors in contributing to cell invasive behavior of dAbl-expressing cells. However, we cannot completely rule out the possibility of minor contributions of unknown factors in this process
Cell proliferation mediated by dAbl expression A complicated question is how dAbl causes cell proliferation in epithelial cells (dAbl lacks nuclear localization signals). The effect of dAbl expression results in cell-autonomous and non-autonomous cell proliferation. In Drosophila, cells destined to undergo apoptosis express specific growth factors (Wingless and Dpp; their upregulation is mediated by JNK activation), inducing non-autonomous compensatory proliferation in neighboring cells (Huh et al., 2004; Ryoo et al., 2004) . This compensatory proliferation is important for maintaining proper tissue homeostasis and may also be relevant for the induction of tumor cell proliferation. As dAbl activation results in cell death in migrating cells, one argument could be that cell proliferation associated with dAbl activation is a consequence of compensatory proliferation. Interestingly, dAbl expression results in an increase in Wg expression, suggesting that compensatory proliferation takes place in response to dAbl (not shown). Taken together, our data suggest that at least some aspects of dAbl-mediated cell proliferation (mediated by activation of ERK) are cellautonomous independent of such compensatory proliferation, as Bsk-DN co-expression in a dAbl overexpression background (which blocks JNK signaling and thus induction of Wg and Dpp expression; Ryoo et al., 2004) , does not block excessive proliferation within the dAbl expression domain (Figure 6b ; Supplementary Figures S4A-A 00 ).
Role of dAbl in Src-mediated cell invasion
The cell invasion phenotype of dAbl overexpression is similar to Csk reduction (dCsk-IR; Figure 3a ) and our data indicate that dAbl acts downstream of dCsk. As Csk negatively regulates SFKs, this suggested that Src mediates the effect of dCsk on dAbl. Previous studies have shown that Abl can act as a substrate of SFKs, though other studies have shown that the opposite can also be true (Pendergast, 2002) . Our data indicate that Src acts upstream of Abl and that Abl can feed back and amplify the signal through its positive effect on Src (see Results). How is the dAbl-Src feedback loop working mechanistically? From the in vivo experiments it is not possible to conclude whether dAbl acts directly on Src, dCsk, or unknown upstream components. dAbl does not co-immunoprecipitate either dCsk or the Src kinases in Drosophila S2 cells (not shown). As binding between kinases can be of very transient nature, it is possible that even if dAbl would bind Src or dCsk in vivo, we may not be able to detect it. However, our in vivo data suggest that dCsk does not mediate the dAbl effect: if dAbl would act through dCsk (by inhibiting it), phospho-Src (pSrc) levels should be similar with dCsk-IR or dAbl expression, which is not the case. dAbl expression results in a much more robust activation Src with pSrc detected in all dAbl/GFPpositive cells, whereas dCsk-IR does not result in such strong activation. This observation suggests that dAbl does not act through dCsk in this process. Although we cannot exclude the possibility that dAbl could modulate an unknown component upstream of dCsk, the fact that co-expression of dCsk-IR and dAbl (dCsk-IR; UAS-Abl at 18 1C, Figure 3b ) shows a synergistic effect (even at 18 1C, where neither individual transgene has a phenotype on its own) suggests that dAbl and Csk act in parallel on Src. As Abl can phosphorylate Src kinases (Pendergast, 2002) , we favor a direct effect of dAbl on the Src kinases (as it is impossible to prove this in vivo this relationship is indicated by a dotted line in Figure 7 ).
Rac and JNK act downstream of dAbl mediating the cell invasion behavior JNK signaling is activated in response to environmental stress and by several classes of cell surface receptors, including cytokine receptors and receptor tyrosine kinases. In mammalian cells, JNK has been implicated in oncogenic transformation in fibroblasts and hematopoietic cells (Raitano et al., 1995) , apoptosis (Xia et al., 1995) , and in cell invasion (Davis, 2000) . In oncogenic transformation, JNK signaling can promote tumor growth, while it can also act as a tumor suppressor (Kennedy and Davis, 2003) . It also functions in basement membrane remodeling during imaginal disc eversion and tumor invasion (Pastor-Pareja et al., 2004; Srivastava et al., 2007) . Here, we provide evidence for a link between Src and JNK during cell invasion, mediated through dAbl. The cell invasion and apoptosis phenotypes induced by dAbl require JNK activity, whereas the cell proliferation function of dAbl appears to be mediated by ERK signaling. dAbl does not affect expression levels of JNK (not shown) but instead causes an increase in active JNK (phospho-JNK; Figure 6e ). It is worth noting that removing a genomic copy of each of the Drosophila Rac genes suppresses all phenotypes associated with dAbl overexpression (cell invasion, death, and proliferation). These data are consistent with the study of BCR-Abl-mediated cell growth, which requires Rac function (Skorski et al., 1998) , suggesting a general relevance of Rac GTPases as Abl effectors. It is not established how Abl mediates Rac activation. A possible link can be Crk, which primarily consists of SH2 and SH3 domains, serving as an adaptor. Crk-I can associate with and be phosphorylated by c-Abl (Ren et al., 1994) . Furthermore, ectopic expression of Crk can result in JNK activation (Dolfi et al., 1998) . As overexpression/activation of dAbl results in JNK activation, Crk may provide a missing link between dAbl and Rac for JNK activation. Another candidate to mediate an interaction between dAbl and Rac GTPases can be Trio, a guanine exchange factor. Trio has two putative Rac and Rho-binding domains (Debant et al., 1996) . In Drosophila, trio function has been studied extensively in the context of axon guidance where it has been shown to interact with dAbl (Lanier and Gertler, 2000) . Interestingly, a recent report has identified Trio as one of the guanine exchange factors responsible for invasive behavior of glioblastoma (Salhia et al., 2008) . Thus, a potential role of Trio in the context of Ablmediated cell invasion warrants further investigation.
Materials and methods

Drosophila stocks
Flies were reared at indicated temperatures using standard procedures. The following stocks were used: UAS-Abl (E. Giniger), UAS-dCsk-IR (R. Cagan), UAS-dAbl-IR (VDRC), UAS-Src42ACA, Bsk-DN, UAS-p35, and UASSrc64B (Bloomington stock centre), rac 1 , rac 2 , mtl (N Paricio), and puc-lacZ (C Pfleger). Experiments with UAS-Abl at 29 1C were carried out by rearing the flies at 25 1C until the second instar stage and then shifted to 29 1C for 2 days before dissection and staining. The Gal4/Gal80 ts system was used to induce timed expression of UAS-Src42 and UAS-Src64 transgenes under dppGal4 control.
Immunostaining and BrdU labeling
Third instar wing imaginal discs were dissected in PBS and fixed in 4% paraformaldehyde for 20 min. Discs were washed in PBT (0.1% Triton X-100) followed by over night staining at 4 1C with the following primary antibodies: anti-cleaved Caspase-3 (1:100, Cell Signaling, Danvers, MA, USA), antidpERK (1:50, Sigma, St Louis, MO, USA), anti-Dlg (1:200), E-Cadherin (1:20), anti-Arm (1:10), and anti-MMP1 (1:50) were all from Developmental Studies Hybridoma bank, pAbl (1:50, Biosource, Camarillo, CA, USA), anti-pSrc (1:50, Invitrogen, Carlsbad, CA, USA), anti-bGal (1:1000, Cappel, Aurora, OH, USA). After primary antibody incubation, discs were washed with PBT several times and incubated with secondary fluorescent antibodies for 2 h followed by washing with PBT. Mounted discs were analyzed with a Zeiss LSM510 Meta Confocal microscope. Images were processed with NIH ImageJ and Adobe Photoshop software. For BrdU labeling, larvae were dissected in S2 medium and incubated with BrdU at 29 1C for 45 min. Discs were washed in PBTW (PBS with 0.1% Tween 20) three times followed by DNAase (Promega, Madison, WI, USA) treatment for 1 h at 37 1C. Discs were washed with PBTW three times and stained with BrdU antibody (DSHB).
Immunoprecipitation and western blotting Serum-starved cancer cell lines were lysed in ice-cold lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 5 mM betaglycerophosphosphate, protease and phosphotase inhibitor cocktail, Sigma) for 20 min. Samples were cleared in ice-cold centrifuge at 13 000 r.p.m. followed by protein estimation on the supernatant. Samples were stored at À80 1C untill further processing. Frozen samples were thawed on ice and equal amounts of protein was subjected to immunoprecipitation with either anti-Abl (Rabbit K12, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or with anti-Src (GD11, Upstate Biotechnology, Lake Placid, NY, USA) antibodies for 2 h at 4 1C. Next, samples were incubated with either Protein A or G Agarose for 1 h followed by washing of the beads with ice-cold lysis buffer. Sample buffer was added to the beads followed by boiling at 95 1C for 5 min. Proteins were visualized by immunoblotting with the following antibodies: mouse anti-phospho-tyrosine (4G12, Upstate), anti-Abl (Santa Cruz), anti-pSrc (Invitrogen), and anti-Src (GD11, Millipore, Billerica, MA, USA).
